We report two organic excitonic solar cell structures with the conventional ITO anode replaced by a thin singlewalled carbon nanotube (SWCNT) layer.
INTRODUCTION
Organic photovoltaics are a promising alternative to inorganic solar cells. They are cheap, robust, and simply made [1] . The most efficient organic devices use In2O3:Sn (ITO) coated substrates [2, 3] . ITO is not ideal because it is expensive as well as being optically, electronically and chemically problematic [4] .
Here, we use carbon nanotubes instead.
Carbon nanotubes (CNT) have previously been used in organic devices. Ago et al. demonstrated a solar cell using multi-walled CNT as the hole collector [5] . This had very low short circuit current (Jsc) and efficiency. Other devices have incorporated single walled CNT (SWCNT) as electron recipients and transporters. These showed extremely low efficiencies of, at most, 0.1% [6] [7] [8] [9] [10] [11] . Recently, a device was demonstrated using SWCNTs as * This work has been authored by an employee or employees of the Midwest Research Institute under Contract No. DE-AC36-99GO10337 with the U.S. Department of Energy. The United States Government retains and the publisher, by accepting the article for publication, acknowledges that the United States Government retains a non-exclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form of this work, or allow others to do so, for United States Government purposes the cathode in the structure SWCNT/PEDOT:PSS/ P3HT:PCBM/Ga-In [12] . This cell, which still employs PEDOT:PSS as the hole-collecting layer, had a powerconversion efficiency of 1%, illustrating clearly the promise of SWCNTs to replace ITO.
The best organic PV devices use an ITO anode functionalized with a layer of poly(3,4-ethylene dioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) and an active layer consisting of a blend of poly-(3-hexylthiophene) (P3HT) with the C60 derivative [6, 6] phenyl-C61-butyricacid-methylester (PCBM) [2, 3] . Here we report on devices using the same P3HT:PCBM active layer, but replacing the ITO or ITO/PEDOT with a thin film consisting of bundles of SWCNTs. The device structures are shown in Fig. 2 . We also demonstrate the first organic excitonic solar cell produced without ITO and PEDOT:PSS. Fig. 1 . AFM image of a carbon nanotube sample employed in this study.
EXPERIMENTAL
The transparent electrodes were fabricated by coating microscope slides with purified, arc-produced SWCNTs. These were purified by a process consisting of acid reflux, washing and centrifugation to remove metal catalyst and non-tubular forms of carbon. The purified SWCNTs were then dispersed in water and alcohol. This dispersion was spray coated onto a glass substrate heated to 65°C. The resulting coating was essentially pure SWCNTs and had a final sheet resistance of 50Ω/square for the devices discussed here. UPS/XPS showed the work function of the CNTs to be 4.8-4.9 eV. Atomic-force microscopy ( Fig.  1) showed that the substrates are coated with micron-long nanotube bundles lying parallel to the glass surface and having a random and braided in-plane orientation.
The SWCNT coated glass substrates were ultrasonically cleaned in acetone and isopropyl alcohol. Silver contact pads and collection lines were vapordeposited outside the active areas of the devices. For device A, 30-nm of PEDOT:PSS (Baytron P) were spun on at 4000 rpm. Thick (>200 nm) films of P3HT:PCBM 1:1 (10mg/ml in chlorobenzene or dichlorobenzene) were spin coated on top and allowed to dry for 30 minutes. The P3HT was obtained from Rieke metals. Aluminum top contacts (~100 nm) were then deposited onto the device. Finally, the devices were annealed at 110°C for 30 minutes in a glove box. The fabrication procedure for device B was identical, but with the PEDOT:PSS layer eliminated. Several reference devices of structure A were produced on ITO for comparison. Efficiency measurements were made using NREL's XT-10 solar simulator with a silicon reference. The light intensity was adjusted for the mismatch between the P3HT:PCBM system and the silicon reference. External quantum efficiency measurements were performed using NREL's EQE user facility, using a calibrated silicon reference. Fig. 3a shows J/V plots in the dark and light, for a cell with structure A. The dark curve shows high rectification (x 24) for an applied bias of 0.75 Volt. Under illumination, the device gave Voc=0.555 Volt, Jsc=9.656 mA cm -2 and FF = 48.8%, resulting in an efficiency of 2.61%. This compares well with a typical efficiency of 2% for reference devices on ITO. The FF appears to be series resistance limited. Likely contributions to the series resistance include: relatively low conductivity of the SWCNT substrate, non-optimized P3HT:PCBM layer thickness leading to poor conductivity, and a high contact resistance in our test apparatus. In a similar device based on ITO, the series resistance is orders of magnitude lower. We expect that this device can be further optimized by increasing the thickness of the active layer and changing the deposition solvent. The bottom pane of Fig. 3 shows typical J/V curves from device B. PEDOT can be eliminated because the SWCNT are soluble in the chlorobenzene solvent used for the deposition of P3HT:PCBM.
RESULTS AND DISCUSSION
This enables the P3HT:PCBM to intercalate into the carpet-like SWCNT film. In Fig. 3b , the dark curve shows reasonable rectification (a factor of 7.7 at 0.75 Volts applied bias) and is limited by series resistance. These values indicate that the nanotubes are selective for hole injection into the P3HT:PCBM blend. This is not unexpected as XPS/UPS measurements showed a work function of 4.9 eV for the metallic (mostly) nanotubes, which is close to the valence band of the P3HT. However, the lower rectification than for the PEDOT device indicates that some nanotubes are still contacting the Al contacts leading to a small amount of shunting and a decreased open circuit voltage and fill factor. The light curve in Fig. 2b shows Voc=0.0.444 Volt, Jsc=7.443 mA.cm -2 , FF=43.1% and an efficiency of 1.43%. To our knowledge, this is the first reasonably efficient organic excitonic solar cell without either ITO or PEDOT. As was the case for the PEDOT containing device, the light curve appears to be limited by a series resistance, most likely caused by the factors mentioned above. We are currently attempting to reduce the series resistance by decreasing the sheet resistance of the CNT electrode, improving the electrical contact to the nanotubes, and optimizing the thickness of the P3HT:PCBM. The limiting photocurrent of device B was lower than that of device A. This may be a due to a different P3HT:PCBM layer thickness, or to more recombination in device B than in device A. Fig. 4 shows the external quantum efficiency (EQE) of the device in Fig. 3b . The EQE peaks at a value of around 45%, comparable to that of the highest efficiency P3HT:PCBM devices reported in literature [2] . The strongest signal, below 600 nm, can be attributed to absorption in the P3HT. At 700 nm, there is a shoulder that is likely due to absorption by the PCBM molecules. There is a strong tailing of the EQE beyond 750 nm, which is possibly due to a small contribution by absorption in the carbon nanotubes but which could also be due to an Urbach tail for absorption in the P3HT or PCBM moieties. 
CONCLUSIONS
SWCNT films are an alternative to ITO/PEDOT:PSS as a hole-collecting electrode for organic excitonic solar cells. We demonstrated efficiencies up to 2.6 % for a nonoptimized device with the structure SWCNT/PEDOT:PSS/P3HT:PCBM/Al and 1.43 % for the structure SWCNT/P3HT:PCBM/Al. These are higher than other excitonic devices employing carbon nanotubes reported to date. Additionally, the devices are highly rectifying and show relatively large Jsc values. The devices are mainly limited by series resistance caused by either the relatively low conductivity of the SWCNT layer, non-optimized and poorly controlled P3HT:PCBM layer thickness, and contact resistance at the nanotube layer.
